Plasmonic nanofluids have found applications in many fields, for example, coolants, solar collectors, and theranostics agents. For such applications, an important parameter is the thermal diffusivity. In this communication, we present an experimental study concerning the dependence of the thermal diffusivity of highly diluted aqueous plasmonic nanofluids containing PVP-coated silver nanoparticles on the concentration. Measurements were made by employing the time resolved mode-mismatched thermal lens technique and the results show an enhancement of the thermal diffusivity, when compared to that of the carrier fluid, on increasing the number density of the nanoparticles and being rather constant as a function of the power of the pump beam.
Introduction
Research in the field of nanostructures has found a source of exciting new phenomena in the case of plasmonic nanofluids and colloids of noble metal nanoparticles, leading to an increasing number of applications, such as theranostics [1] , biosensors [2] , imaging and spectroscopy [3] and coolants [4] , and phototherapy [5] . These applications take advantage of both the special optical and the thermal transport properties of the nanoparticles that arise from the nanoscale dimension of the medium and the high surface-to-volume ratio.
For applications based on the thermal transport of nanofluids, the knowledge of the thermal diffusivity ( ) is fundamental which is a material-specific property and measures the rate of heat transfer under unsteady conditions [6] . The thermal diffusivity is defined as = / , where is the thermal conductivity, is the mass density, and is the specific heat capacity. Besides the numerous studies employing techniques that allow direct access to the thermal conductivity and heat capacity of nanofluids, there are only a small number of studies that employ experimental techniques to directly obtain the thermal diffusivity of nanofluids. Some available methods and techniques are laser flash [7] , hot-wire [8, 9] , photoacoustic [10] [11] [12] , photopyroelectric [13] , thermalwave resonator cavity [14] , and the thermal lens technique [15] . The last one is based on the optical properties of a medium with optical absorption and has been employed previously to obtain the thermal diffusivity of colloids of superparamagnetic nanoparticles [16] . Noble metal nanoparticles exhibit a strong optical absorption in the visible range of the electromagnetic spectrum due to the existence of a resonance of the localized surface plasmon (LSP), a nonpropagating collective oscillation mode of the conduction electrons of metallic nanostructures [17] . In the case of Ag nanoparticles, the maximum absorbance due to the LSP is at frequencies corresponding to the blue region of the visible spectrum. The details of the absorption band depend on the size and shape of the nanoparticle as well as the aggregation state: the bigger the nanoparticle or the aggregate, the bigger the redshift [18] . Previous works that have reported the thermal diffusivity of AgNF employing the thermal lens technique considered silver nanoparticles (AgNPs) produced by radiation [19, 20] and laser ablation [21] . Besides the thermal lens approach, others techniques such as microflash [22] and the photopyroelectric technique [23] have been employed to determine in AgNFs. Envisaging applications of the nanofluids as cooling fluids or in medicine, it is desirable to employ fluids with low viscosity. It is also know that the viscosity of nanofluids is an increasing function of the nanoparticle concentration [24] and becoming non-Newtonian at high concentrations in some cases [25] . Many of the previous mentioned techniques actually employ highly concentrated colloids due to limitations of the technique. Such limitations are not present in the thermal lens technique, allowing us to obtain the diffusivity of highly diluted colloids. In this paper, we report on research of the thermal diffusivity of highly diluted silver nanocolloids produced by a chemical reduction approach adapted from Turkevich method, by using the time-resolved mode-mismatched dual-beam thermal lens technique.
Materials and Methods
PVP-coated AgNPs (AgNP@PVP) were synthesized by adapting the chemical reduction method proposed by Turkevich [26] to produce Au nanoparticles [22] . In this bottom-up method, 75 mL of a 1 mM solution of silver nitrate (AgNO 3 , Synth PA) is heated to boiling point under magnetic stirring. Next, 7.5 mL of a 10 mM solution of sodium citrate dihydrate (HOC(COONa)(CH 2 COONa) 2 ⋅2H 2 O), Synth PA)) is added and after 4 minutes, 2% by mass of polyvinylpyrrolidone (PVP), a polar polymer that improves the stability of the colloid is also added. The concentration of AgNPs in the stock colloid was calculated to be = (1.54 ± 0.05) × 10 12 mL
or approximately 10 −7 vol%. From the stock nanofluid, samples of concentration were obtained, where = 1/2, 1/3, 1/4, ⋅ ⋅ ⋅ , by diluting aliquots of the stock colloid ( = 1) with double distilled water. Figure 1 shows an image, taken using transmission electron microscopy (TEM), of the synthesized AgNPs, which have a mean size of about 32 ± 10 nm. The UV-Vis spectrum for one of the diluted samples ( = 0.1) is shown in Figure 2 . The spectrum displays the typical peak of the LSP resonance of metallic nanoparticles, with a maximum at 436 nm. The spectrum also indicates that the dilution does not lead to aggregation of the nanoparticles, which would be evident by a strong redshift and broadening of the peak. The stability of the nanoparticles was determined by the measurement of the zeta potential (Zetasizer Nano ZS90, Malvern) and this is shown in Figure 3 . The value of −36 mV indicates that the nanoparticles have a good stability.
The photothermal technique employed in this work to measure the thermal diffusivity is the time-resolved modemismatched dual-beam thermal lens technique, which is based in the thermal lens effect. This effect consists of inducing a lens-like element in the sample following a nonradiative decay process due to an optical excitation of the absorbing medium. Pulses of second-long duration of a continuous wave (CW) single-mode TEM 00 laser beam (pump laser), obtained by a mechanical shutter, are used to excite the sample and to induce a thermal lens, which is then probed by a second CW single-mode TEM 00 laser (probe laser). A sketch of the mode-mismatched dual-beam thermal lens technique apparatus is shown in Figure 4 . The shutter is positioned at the common focal point of the set of lenses L 1 and L 2 , as shown in Figure 4 , to reduce the time of onset of the first half-cycle. The probe beam propagates along the -direction. A photodetector is used to monitor the temporal dependence of the transmitted probe-beam intensity ( ), in the far field and at the center of the probe beam. The normalized signal Γ( ) = ( )/ (0), where (0) is the signal of the photodetector at = 0, when the thermal lens has not been formed yet, can be written as [27, 28] 
where
Here, is the linear optical absorption coefficient, is the excitation beam power, is the probe laser wavelength, = 1 − − 0 / 0 is the effective thickness of a sample of thickness , = 2 / is the confocal distance, / is the thermo-optic coefficient or variation of the refractive index of sample with temperature, ( = , ) is the minimum radius of the probe and the excitation beam, respectively, 1 is the beam radius of the probe beam inside the sample, and ( = 1, 2) are the distances of the sample to the position of the minimum radius of the probe beam and the iris, respectively, and is the characteristic thermal time constant. Figure 5 shows a schematic diagram of the laser beams inside the sample contained in the quartz cell.
The effective thermal diffusivity of the medium is given by ∘ . Our experimental setup also includes an IR filter to remove any IR radiation from the pump laser. The sample was placed in a quartz cell of 0.5 cm optical path length and all measurements were made at room temperature (25 ∘ C). Before each measurement, the sample was placed in an ultrasonic bath for ∼ 30 minutes for homogenization. Figure 6 shows a typical normalized transmittance over 1 cycle (opened-closed) of the shutter, whose period is T = 2 s, for a sample of the stock colloid and Figure 7 shows the normalized transmittance just after the opening of the shutter for a sample of the stock colloid for different powers of the pump beam. The higher the power of the pump laser, the bigger the value of (3) and the bigger the variation of the amplitude of the normalized transmittance, as predicted by (1) .
Experimental Results
The decreasing signal in the first half of the cycle just after the opening of the shutter and for the geometrical configuration of the experimental setup (sample after the focus of the probe laser), is the finger-print of an induced negative or divergent lens. On the other hand, the characteristic time constant for the emergence of the induced lens in the samples is on a millisecond (ms) time scale, which is expected from the photothermal effect. In the second half of the cycle, the sample relaxes via a nonradiative process to room temperature. Similar curves were obtained for all diluted colloids and pure water. Figure 8 shows a typical fit of the normalized transmittance in the first half of the cycle to (1) . The error bars represent the standard deviation of 45 measurements.
To test the precision of our setup, measurements of the thermal diffusivity of the pure double distilled water used to prepare and dilute the stock colloid, were taken. The value obtained was = (1.42 ± 0.15) × 10 −7 m 2 /s, which is close to the values previously reported for water [6, 29, 30] . Figure 9 shows the value of the thermal diffusivity for increasing values of the power of the pump beam for a sample corresponding to = 1/3. The thermal diffusivity is almost constant, with a mean value of least for this power range, showing that no other diffusive process is concomitant with the thermal diffusion process. Our results also show that the thermal lens technique is more suitable for determining the thermal diffusivity of a colloid at extremely low concentrations than the laser flash method [22] . Figure 10 shows the values of the thermal diffusion coefficients for the samples as a function of the concentration of AgNPs. As can be seen, the diffusivity of the colloid decreases on increasing the dilution, that is, diminishing the value of . It is worth noting that even at such a low concentration as that corresponding to = 0.25, the diffusivity is about 17% higher than that of pure water. The same trend was observed in highly concentrated dilutions of AgNPs in organic fluids [8] . The decrease of the thermal diffusivity with the dilution of the nanofluid can be understood taking into account the dependence of the thermal conductivity on the filling factor. For low concentrations the thermal conductivity of a nanofluid is directly proportional to the fill factor [31] .
Conclusions
In summary, we have measured the thermal diffusivity of diluted colloids of PVP-coated AgNPs, produced by chemical reduction, by employing the time resolved modemismatched dual beam thermal lens technique, with an excitation beam whose frequency is close to the surface plasmon resonance of the AgNPs. The thermal diffusivity of the samples shows a strong enhancement when compared to the value for double distilled water, being relatively constant at low powers of the pump beam. Also, the technique shows a superior sensitivity in determining the thermal diffusivity when compared to alternative techniques.
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